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Dengue virus (DENV) is a member of the family Flaviviridae in the
genus Flavivirus. DENV is the leading cause of arboviral diseases in the
tropical and subtropical regions, affecting more than 70 million
people each year [1]. DENV comprises four serologically and
genetically related viruses, DENV viruses 1–4, which possess 69–78%
identity at the amino acid level [2]. DENV infections might be either
asymptomatic or result in what is known as dengue fever; some
individuals develop a severe and potentially life-threatening disease
known as dengue hemorrhagic fever or dengue shock syndrome,
leading to more than 25,000 deaths per year. Despite the urgent
medical need and considerable efforts, no antivirals or vaccines
against DENV virus are currently available, so that more than 2 billion
people, mainly in poor countries, are at risk in the world [3]. DENV is a
positive-sense, single-stranded RNA virus with a single open reading
frame encoding a polyprotein, which is subsequently cleaved by
cellular and viral proteases into three structural proteins, C, prM andE, and seven nonstructural (NS) proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5 [4] (Fig. 1A). Similarly to other enveloped
viruses, the DENV virus enters the cells through receptor mediated
endocytosis [4–7] and rearranges cell internal membranes to establish
speciﬁc sites of replication [8–10]. Details about DENV replication
process remain largely unclear, but most, if not all of the DENV proteins,
are involved and function in a complex web of protein–protein
interactions. The mature DENV virus has a capsid (C) protein core
complexed with the RNA genome, surrounded by a host-derived lipid
bilayer inwhichmultiple copies of the viral envelope (E) andmembrane
(M) proteins are embedded.
The C proteins of Flaviviridae are dimeric, basic, have an overall
helical fold and are responsible for genome packaging. Protein C
seems also to associate with intracellular membranes through a
conserved hydrophobic domain [11]. Recently, it has been found that
protein C accumulates around endoplasmic reticulum (ER) derived
lipid droplets [12]. Similarly to other enveloped viruses, DENV
replicates its genome in a membrane-associated replication complex,
andmorphogenesis andvirionbuddinghas been suggested to takeplace
in the ER ormodiﬁed ERmembranes. Thesemodiﬁedmembranes could
provide a platform for capsid formation during viral assembly [12].
Although Flaviviridae C proteins are shorter than the Hepacivirus core
proteins, their roles should be similar as well as their capacity to bind to
phospholipid membranes [13–15].
The DENV E protein is a class II fusion protein, essential for
attachment, membrane fusion, and assembly. The three-dimensional
structure of class I and class II membrane fusion proteins is different
but their function is identical, so they must share structural and
functional characteristics in speciﬁc domains which interact with and
disrupt biological membranes [6,16]. A series of conformational
changes occurring in the DENV E protein driven by the endosomal
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Fig. 1. (A) Scheme of the structure of the DENV virus structural (C, prM and E) and non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5), according to literature
consensus. The approximate segments of domains I, II, III, the stem and the transmembrane anchor of E protein are depicted (see text for details). (B) The sequence and relative
location of the peptide libraries derived from the Dengue Virus Type 2 NGC C (14 peptides) and E proteins (67 peptides) are shownwith respect to the full sequence of both proteins.
Peptide line length is related to the number of amino acids in the peptide. Maximum overlap between adjacent peptides is 11 amino acids.
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membranes [4,7]. The DENV E protein, being the ﬁrst point of contact
between the virus and the host cell, is a determinant of tropism and
virulence, as well as the major target of DENV neutralizing and
enhancing antibodies [7]. The N-terminal ectodomain of the protein
presents three domains consisting predominantly of β-strands
(amino acids 1 to 395, DENV2 numbering) [5,7]. The fusion loop of
the E protein is located between amino acids 98 and 112 [17]. Two
α-helices that link the soluble ectodomain and the two transmem-
brane domains of the E protein form a stem (amino acids 396 to 447)
which contribute to the ﬂexibility required for the conformational
change [18]. Based on tick-borne encephalitis virus E protein, DENV E
protein would have two transmembrane (TM) domains (amino acids
448 to 491) and both of them are required for assembly of E protein
into particles; similarly, the two α-helices are implicated either in
homo and/or in hetero protein–protein interaction or membrane
interaction or both [19,20]. Interestingly, E protein might interact
with other proteins through a conserved Pro-rich motif [21].
Signiﬁcantly, the stem region of the E protein has been proposed to
be engaged in the fusion process but the critical regions of the stem
region involved are not known with certainty [4–6,22].
We have recently identiﬁed the membrane-active regions of a
number of viral proteins by observing the effect of glycoprotein-
derived peptide libraries on model membrane integrity [15,23–26].
These results allowed us to propose the location of different segments
in these proteins that are implicated in either protein–lipid or
protein–protein interactions and helped us to understand the
mechanisms underlying the interaction between viral proteins and
membranes. There are still many questions to be answered regarding
the C and E mode of action in membrane fusion, assembly, replication
and/or release during the DENV viral cycle. Segments of both C and E
proteins have been used as vaccine candidates for DENV [27]. Forexample, domain III of the E protein can block the entry of the virus as
well as peptides derived from the fusion loop can interfere with
infectivity [28]. Additionally, DENV membrane interaction is an
attractive target for anti-DENV therapy. To investigate the structural
basis of the interaction of proteins C andD fromDENVvirus and identify
new targets for searching newDENV inhibitors, we have carried out the
analysis of the different regions of DENV C and E proteins which might
interact with phospholipid membranes using a similar approach to that
used before [26,29,30]. By monitoring the effect of these peptide
libraries onmembrane integrity we have identiﬁed different regions on
DENV C and E proteins with membrane-interacting capabilities,
suggesting the location of different segments implicated in oligomer-
ization (protein–protein binding) and membrane interaction and
destabilization. These results should help in our understanding of the
molecular mechanism of viral fusion and morphogenesis as well as
makingpossible the future developmentofDENVentry inhibitorswhich
may lead to new vaccine strategies.
2. Materials and methods
2.1. Materials and reagents
Two sets of 14 (Table 1) and 67 (Table 2) peptides derived from
Dengue Virus Type 2 NGC C and E proteins were obtained through BEI
Resources, National Institute of Allergy and Infectious Diseases,Manassas,
VA, USA. Peptides were solubilized in water/TFE at 70:30 ratios (v/v).
Bovine brain phosphatidylserine (BPS), S,R-bis(monooleoylglycero)phos-
phate ammoniumsalt (BMP), bovine liver L-α-phosphatidylinositol (BPI),
cholesterol (CHOL), egg phosphatidic acid (EPA), egg L-α-phosphatidyl-
choline (EPC), egg sphingomyelin (ESM), egg trans-esteriﬁed L-α-
phosphatidylethanolamine (TPE), 1′,3′-bis[1,2-dimyristoyl-sn-glycero-
3-phospho]-sn-glycerol (cardiolipin, CL), dielaidoyl-sn-glycero-3-
Table 1
Sequences of the peptides pertaining to the DENV C protein derived peptide library.
Order No. aa Sequence
1 17 NNQRKKARNTPFNMLKR
2 18 RNTPFNMLKRERNRVSTV
3 17 KRERNRVSTVQQLTKRF
4 18 STVQQLTKRFSLGMLQGR
5 18 RFSLGMLQGRGPLKLFMA
6 18 GRGPLKLFMALVAFLRFL
7 18 MALVAFLRFLTIPPTAGI
8 18 FLTIPPTAGILKRWGTIK
9 18 GILKRWGTIKKSKAINVL
10 17 IKKSKAINVLRGFRKEI
11 17 NVLRGFRKEIGRMLNIL
12 17 KEIGRMLNILNRRRRTA
13 17 NILNRRRRTAGMIIMLI
14 15 RTAGMIIMLIPTVMA
Table 2
Sequences of the peptides pertaining to the DENV E protein derived peptide library.
Order No. aa Sequence
1 15 MRCIGISNRDFVEGV
2 18 ISNRDFVEGVSGGSWVDI
3 18 GVSGGSWVDIVLEHGSCV
4 17 DIVLEHGSCVTTMAKNK
5 18 SCVTTMAKNKPTLDFELI
6 18 NKPTLDFELIKTEAKQPA
7 17 LIKTEAKQPATLRKYCI
8 15 KQPATLRKYCIEAKL
9 18 LRKYCIEAKLTNTTTDSR
10 19 KLTNTTTDSRCPTQGEPTL
11 18 RCPTQGEPTLNEEQDKRF
12 17 TLNEEQDKRFVCKHSMV
13 20 KRFVCKHSMVDRGWGNGCGL
14 17 DRGWGNGCGLFGKGGIV
15 18 CGLFGKGGIVTCAMFTCK
16 18 IVTCAMFTCKKNMEGKIV
17 17 CKKNMEGKIVQPENLEY
18 17 KIVQPENLEYTVVITPH
19 17 LEYTVVITPHSGEEHAV
20 17 TPHSGEEHAVGNDTGKH
21 16 HAVGNDTGKHGKEVKI
22 16 TGKHGKEVKITPQSSI
23 18 EVKITPQSSITEAELTGY
24 15 SITEAELTGYGTVTM
25 18 ELTGYGTVTMECSPRTGL
26 18 TMECSPRTGLDFNEMVLL
27 18 GLDFNEMVLLQMKDKAWL
28 17 LLQMKDKAWLVHRQWFL
29 17 AWLVHRQWFLDLPLPWL
30 20 WFLDLPLPWLPGADTQGSNW
31 17 PGADTQGSNWIQKETLV
32 18 SNWIQKETLVTFKNPHAK
33 17 LVTFKNPHAKKQDVVVL
34 18 HAKKQDVVVLGSQEGAMH
35 16 VLGSQEGAMHTALTGA
36 15 GAMHTALTGATEIQM
37 17 ALTGATEIQMSSGNLLF
38 18 IQMSSGNLLFTGHLKCRL
39 18 LFTGHLKCRLRMDKLQLK
40 16 RLRMDKLQLKGMSYSM
41 18 LQLKGMSYSMCTGKFKVV
42 18 SMCTGKFKVVKEIAETQH
43 17 VVKEIAETQHGTIVIRV
44 20 TQHGTIVIRVQYEGDGSPCK
45 17 VQYEGDGSPCKTPFEIM
46 18 SPCKTPFEIMDLEKRHVL
47 16 IMDLEKRHVLGRLTTV
48 17 RHVLGRLTTVNPIVTEK
49 18 TTVNPIVTEKDSPVNIEA
50 18 EKDSPVNIEAEPPFGDSY
51 15 EAEPPFGDSYIIIGV
52 17 FGDSYIIIGVEPGQLKL
53 15 IGVEPGQLKLDWFKK
54 18 GQLKLDWFKKGSSIGQMF
55 18 KKGSSIGQMFETTMRGAK
56 15 MFETTMRGAKRMAIL
57 17 MRGAKRMAILGDTAWDF
58 17 AILGDTAWDFGSLGGVF
59 18 WDFGSLGGVFTSIGKALH
60 17 VFTSIGKALHQVFGAIY
61 17 ALHQVFGAIYGAAFSGV
62 18 AIYGAAFSGVSWTMKILI
63 17 GVSWTMKILIGVIITWI
64 15 ILIGVIITWIGMNSR
65 18 IITWIGMNSRSTSLSVSL
66 18 SRSTSLSVSLVLVGIVTL
67 18 SLVLVGIVTLYLGVMVQA
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fromAvanti Polar Lipids (Alabaster, AL, USA). The lipid composition of the
synthetic endoplasmic reticulumwas EPC/CL/BPI/TPE/BPS/EPA/SM/CHOL
at a molar ratio of 59:0.37:7.7:18:3.1:1.2:3.4:7.8 [31,32]. 5-Carboxyﬂuor-
escein (CF, N95% by HPLC), Triton X-100, EDTA and HEPES were
purchased from Sigma-Aldrich (Madrid, ES). All other chemicals were
commercial samples of the highest purity available (Sigma-Aldrich,
Madrid, ES). Water was deionized, twice-distilled and passed through a
Milli-Q equipment (Millipore Ibérica, Madrid, ES) to a resistivity higher
than 18 MΩ cm.
2.2. Vesicle preparation
Aliquots containing the appropriate amount of lipid in chloroform-
methanol (2:1 vol/vol) were placed in a test tube, the solvents were
removed by evaporation under a stream of O2-free nitrogen, and
ﬁnally, traces of solvents were eliminated under vacuum in the dark
for N3 h. The lipid ﬁlms were resuspended in an appropriate buffer
and incubated either at 25 °C or 10 °C above the phase transition
temperature (Tm) with intermittent vortexing for 30 min to hydrate
the samples and obtain multilamellar vesicles (MLV). The samples
were frozen and thawed ﬁve times to ensure complete homogeniza-
tion and maximization of peptide/lipid contacts with occasional
vortexing. Large unilamellar vesicles (LUV) with a mean diameter of
0.1 μm were prepared from MLV by the extrusion method [33] using
polycarbonate ﬁlters with a pore size of 0.1 (Nuclepore Corp.,
Cambridge, CA, USA). Breakdown of the vesicle membrane leads to
contents leakage, i.e., CF ﬂuorescence. Non-encapsulated CF was
separated from the vesicle suspension through a Sephadex G-75
ﬁltration column (Pharmacia, Uppsala, SW, EU) eluted with buffer
containing either 10 mM Tris, 100 mM NaCl, 0.1 mM EDTA, pH 7.4.
Phospholipid and peptide concentration were measured by methods
described previously [34,35].
2.3. Membrane leakage measurement
Leakage of intraliposomal CF was assayed by treating the probe-
loaded liposomes (ﬁnal lipid concentration, 0.125 mM) with the
appropriate amounts of peptides on microtiter plates stabilized at
25 °C using a microplate reader (FLUOstar, BMG Labtech, GER, EU),
each well containing a ﬁnal volume of 170 μl. The medium in the
microtiter plates was continuously stirred to allow the rapid mixing
of peptide and vesicles. Leakage was measured at an approximate
peptide-to-lipid molar ratio of 1:25. Changes in ﬂuorescence
intensity were recorded with excitation and emission wavelengths
set at 492 and 517 nm, respectively. One hundred percent release
was achieved by adding Triton X-100 to a ﬁnal concentration of 0.5%(w/w) to the microtiter plates. Fluorescence measurements were
made initially with probe-loaded liposomes, afterwards by adding
peptide solution and ﬁnally adding Triton X-100 to obtain 100%
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the equation,
% Release =
Ff−F0
F100−F0
·100
Ff being the equilibrium value of ﬂuorescence after peptide
addition, F0 the initial ﬂuorescence of the vesicle suspension and
F100 the ﬂuorescence value after addition of Triton X-100. For details
see refs [36,37].
2.4. Differential scanning calorimetry
MLVs were formed as stated above in 20 mMHEPES, 100 mMNaCl,
0.1 mMEDTA, pH7.4. The peptideswere added to obtain a peptide/lipid
molar ratio of 1:15 and incubated 10 °C above the Tm of DEPE for 30 min
with occasional vortexing and then centrifuged. Samples containing
1.5 mg of total phospholipid were transferred to 50 μl DSC aluminum
and hermetically sealed pans and subjected to DSC analysis in a
differential scanning calorimeter Pyris 6 DSC (Perkin-Elmer Instru-
ments, Shelton, U.S.A.) under a constant external pressure of 30 psi in
order to avoid bubble formation. Thermograms were recorded at a
constant rate of 4 °C/min. After data acquisition, the pans were opened
and the phospholipid content was determined. To avoid artifacts due to
the thermal history of the sample, the ﬁrst scan was never considered;
second and further scans were carried out until a reproducible and
reversible pattern was obtained. Data acquisition was performed using
the Pyris Software for Thermal Analysis, version 4.0 (Perkin-Elmer
Instruments LLC) and Microcal Origin software (Microcal Software Inc.,
Northampton, MA, U.S.A.) was used for data analysis. The thermograms
were deﬁned by the onset and completion temperatures of the
transition peaks obtained from heating scans. The phase transition
temperature was deﬁned as the temperature at the peak maximum.
2.5. Hydrophobic moments, hydrophobicity and interfaciality
In order to detect membrane partitioning and/or membrane
interacting surfaces along the DENV C and E proteins, two-dimensional
plots of the hydrophobic moments, hydrophobicity and interfaciality
have been obtained taking into consideration the arrangement of the
amino acids in the space and assuming an α-helical structure [23]. The
scale for calculating hydrophobic moments was taken from Engelman
[38,39], whereas the hydrophobicity and interfacial values, i.e., whole
residue scales for the transfer of an amino acid of an unfolded chain into
the membrane hydrocarbon palisade and the membrane interface
respectively, were obtained from Wimley and White [40,41]. Positive
values represent positive bilayer-to water transfer free energy values
and therefore thehigher the value, the greater theprobability to interact
with the membrane surface and/or hydrophobic core.
3. Results
As we have commented above, DENV E protein is a class II fusion
protein, essential for attachment,membrane fusion, and virus assembly,
whereas DENV C protein is responsible for genome packaging and by
associating with and modifying intracellular membranes it forms the
replication complex, RC [2]. In a similar way to other enveloped viruses,
DENV virus modiﬁes cell internal membranes to establish speciﬁc sites
of replication designed as the membranous web, i.e., the RC,
fundamental for the viral life cycle [8,9]. In order to detect surfaces
along the C and E sequences which might be identiﬁed as membrane
partitioning and/or membrane interacting zones related to either
tertiary or quaternary structures or both, we have plotted the average
surface hydrophobic moment, hydrophobicity and interfaciality versus
the amino-acid sequence of the C and E protein sequences of DENV 2
New Guinea C strain supposing they adopt anα-helical structure alongthe whole sequence (Figs. 2 and 3, respectively) [29]. Whereas DENV
virus C protein has a majority ofα-helical structure [42,43], DENV virus
E protein has a much lower α-helix content than that of Class I
membrane fusion proteins; in fact, its three ectodomains consist
predominantly of β-strands [44]. However, the methodology we use
gives us a depiction of the potential surface zones that are possibly
implicated in a membranotropic action as it has been previously
demonstrated [23,29].
As observed in Figs. 2 and 3, it is readily evident the existence of
different regions with large hydrophobic moment values along both
DENV C and E proteins. These sequences should show comparable
capability to partition and/or interactionwithmembranes and should be
biologically functional in their roles.Using these two-dimensionalplots, it
would be possible to distinguish two types of hydrophobic moment,
hydrophobicity and/or interfaciality patches, those which do not
comprise the length of the helix and those which embrace the full length
[29]. The ﬁrst type, located along limited zones of the protein surface,
could favor the interactionwith other similar patches along the same or
other proteins as well as with the surface of themembrane. The second
one, having large positive values covering the full horizontal length of
the plot, would encompass two subtypes: patches containing about 15
or less amino acids which could represent membrane interacting
domains and patches containingmore than 15 amino acidswhich could
represent transmembrane domains [15,24,29,45]. However there is not
a clear separation between these two subtypes in all cases.
By observing the C protein data (Fig. 2A–C), it is possible to detect
one localized highly positive hydrophobic moment, hydrophobicity
and interfaciality region comprised by amino acid residues 40 to 59
(Region C1). Signiﬁcantly, this region is surrounded by two regions
displaying a highly ionic character, from amino acids residues 3 to 32
and from amino acids residues 67 to 100 (Fig. 2D). This results are in
accordance with previous data, since it was previously proposed the
presence of a highly hydrophobic patch comprising residues 46 to 66
[11] whereas the ﬁrst thirty-two residues in the N-terminal region
and the last twenty-six residues in the C-terminal region of the
protein would interact with the viral RNA through its basic amino
acids [46]. Signiﬁcantly, speciﬁc residues within this hydrophobic
patch have been identiﬁed as crucial determinants for lipid droplet
localization and DENV replication [12].
The two-dimensional plots corresponding to DENV protein E are
presented in Fig. 3A–C, where it is possible to distinguish different
highly positive hydrophobic moment zones presenting diverse
characteristics. Seven patches located along limited zones of the
protein surface can be described, i.e., zones encompassing residues,
but not all in between, located from amino acids 20 to 31 (Region E1),
from amino acids 179 to 185 (Region E2), from amino acids 213 to 222
(Region E3), from amino acids 255 to 266 (Region E4), from amino
acids 277 to 287 (Region E5), from amino acids 376 to 382 (Region E6)
and from amino acids 397 to 409 (Region E7). On the other hand, ﬁve
regions of large positive values covering the full horizontal length of the
plot are found, i.e., zones encompassing amino acids 101 to 118 (Region
E8), from amino acids 420 to 436 (Region E9), from amino acids 439 to
453 (Region E10), from amino acids 457 to 469 (Region E11) and from
amino acids 476 to 493 (Region E12). Regions E1 through E6 belong to
one of the three ectodomains of E protein, whereas region E7 belongs to
the EH1 α-helical domain of the stem region of the protein. These
regions could show a tendency to partition into membranes and/or
interactwith themembrane surface; however, it should not be ruledout
that some areas could also be responsible for the interaction with other
proteins as it has been suggested previously [21]. Region E3 coincides
with a conserved proline-rich motif which might be engaged in
monomer–monomer interaction [21] whereas regions E4 and E5
coincide with the β-hairpin which opens/closes a previously described
hydrophobic pocket [47]. Signiﬁcantly, zones E1, E3, E6 and E7 present
both highly hydrophobic moment and interfaciality values (Fig. 3A and
C). Region E8 coincides with the described fusion loop of E protein,
A B C D E F
Fig. 2. Two-dimensional plot of (A) hydrophobic moment, (B) hydrophobicity, (C) interfacial hydrophobicity, (D) charge distribution, (E) the sequence of DENV protein C and (F)
average experimental leakage for all tested liposome compositions [23]. The hydrophobic moment, hydrophobicity, and interfaciality plots show only positive bilayer-to water
transfer free energy values.
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of the stem region, and regions E11–E12 would belong to the proposed
two transmembrane domains of the protein [5,7,18,44]. It is interesting
to note that this description of DENV E protein hydrophobic-rich
surfaces matches very well with some of the previously described
regions of theprotein, highlighting the speciﬁc roles theymight have for
the proper biological functioning of the protein and emphasizing that
the actual distribution of hydrophobicity and interfaciality, i.e.,
structure-related factors, along DENV E protein (as well as C protein)
would affect the biological function of these sequences (see below).
The two peptide libraries we have used in this study and their
correlation with the DENV C and E envelope protein sequences are
shown in Tables 1 and 2 and in Fig. 1B. It can be observed in the ﬁgure
that the peptide libraries include the whole sequence of both proteins.
Since two and three consecutive peptides in the library have an
overlap of approximately 11 and 4 amino acids respectively, it seems
reasonably thinking on peptide-deﬁned regions as we will presentFig. 3. Two-dimensional plot of (A) hydrophobicmoment, (B) hydrophobicity, (C) interfacial h
experimental leakage for all tested liposome compositions [23]. The hydrophobicmoment, hydr
values. Note the different scales in (F).below. We have studied the effect of these two peptide libraries on
membrane rupture by monitoring leakage from different liposome
compositions. Figs. 4 and 5 present the membrane leakage results for
both C and E protein derived libraries, respectively, whereas Table 3
shows the peptides and their sequences which display the most
signiﬁcant leakage values. We have tested different lipid composi-
tions, from simple to complex. The simple compositions contained
EPC/Chol at a phospholipid molar ratio of 5:1, EPC/Chol at a
phospholipid molar ratio of 5:2, EPC/Chol at a phospholipid molar
ratio of 5:3, EPC/SM/Chol at a phospholipid molar ratio of 5:2:1, and
EPC/BMP at a phospholipid molar ratio of 5:2. The presence of both
SM and Chol has been related to the occurrence of laterally segregated
membrane microdomains or “lipid rafts”, and, for several viruses, it
has been found a strong relationship between viral interaction with
membranes and their content of Chol and SM [48]. BMP is an anionic
phospholipid present in relatively high concentrations in late
endosomes, i.e., where the fusion of the DENV virus envelope takesydrophobicity, (D) charge distribution, (E) the sequence of DENV protein C and (F) average
ophobicity, and interfaciality plots showonly positive bilayer-towater transfer free energy
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Fig. 4. Effect of the peptide library derived fromtheDENVCprotein on the release of LUVcontents for different lipid compositions. Leakagedata (membrane rupture) for LUVs composedof
(A) EPC/Chol at a phospholipid molar ratio of 5:1, (B) EPC/Chol at a phospholipid molar ratio of 5:2,(C) EPC/Chol at a phospholipid molar ratio of 5:3,(D) EPC/SM/Chol at a phospholipid
molar ratio of 5:2:1, (E) EPC/BMP at a phospholipidmolar ratio of 5:2, (F) lipid extract of livermembranes, (G) ER complex synthetic lipidmixture (EPC/CL/BPI/TPE/BPS/EPA/SM/Chol at a
molar ratio of 59:0.37:7.7:18:3.1:1.2:3.4:7.8), (H) ER58:6 complex lipidmixture (EPC/CL/BPI/TPE/BPS/EPA/ESM/CHOL at a molar ratio of 58:6:6:6.6:6:6:6), (I) ER58:6minus ESM, (J) ER58:6
minus CHOL, (K) ER58:6 minus EPA, (L) ER58:6 minus BPI, (M) ER58:6 minus BPS, (N) ER58:6 minus TPE and (O) ER58:6 minus CL. Vertical bars indicate standard deviations of the mean of
quintuplicate samples. See text for details.
2396 H. Nemésio et al. / Biochimica et Biophysica Acta 1808 (2011) 2390–2402place, and therefore possibly engaged in the fusion process through
speciﬁc interactions [49]. Since DENV virus is also associated with
membranes of the ER or an ER-derivedmodiﬁed compartment, we havestudied the effect of both C and E proteins onmembrane rupture using a
complex lipid composition resembling the ER membrane (containing
EPC, CL, BPI, TPE, BPS, EPA, ESM and CHOL at a molar ratio of
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2397H. Nemésio et al. / Biochimica et Biophysica Acta 1808 (2011) 2390–240259:0.37:7.4:18:3.1:1.2:3.4:7.8 [31]). In order to check the effect of each
lipid in this complex composition we have designed an ER synthetic
membrane composed of EPC/CL/BPI/TPE/BPS/EPA/ESM/CHOL at amolarratio of 58:6:6:6.6:6:6:6 (ER58:6) and tested thismixture aswell as seven
different lipid mixtures lacking one and only one of those lipids in the
mixture (except EPC). This complex mixture could be very useful in
Table 3
Membrane leakage values (%) for representative membrane compositions. All numbers have been rounded to the nearest integer.
Peptide number EPC/CHOL
5:1
EPC/CHOL
5:2
EPC/CHOL
5:3
EPC/SM/CHOL
5:2:1
Liver ER ER59:6
Protein C, Peptide 6
GRGPLKLFMALVAFLRFL
93±2 91±1.5 68±8 82±3 99±1 98±1 96±1
Protein E, Peptide 29
AWLVHRQWFLDLPLPWL
21±7 15.8±7 21±2 44±13 4±0 16±3 15±4
Protein E, Peptide 39
LFTGHLKCRLRMDKLQLK
26±8 21±1 26±2 21±2 18±3 32±1 13±2
Protein E, Peptide 60
VFTSIGKALHQVFGAIY
55±1 51±2 47±2 49±3 48±8 57±3 29±1
Protein E, Peptide 64
ILIGVIITWIGMNSR
68±3 63±3 52±3 50±4 54±1 79±1 52±6
2398 H. Nemésio et al. / Biochimica et Biophysica Acta 1808 (2011) 2390–2402order to study the effect of each lipid component on the interaction of
each peptide of the peptide library with the membrane. We have also
studied liposomes containing a lipid liver extract (42%, PC, 22% PE, 7%
Chol, 8% PI, 1% LPC, and21%neutral lipids as stated by themanufacturer).
In addition, it seems reasonably to think on the combined effect of
peptide groups or segments rather thanon the effect of isolated peptides0 50 100 150 200 250 300 350 400 4500 50 10036
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see below.
The leakage data corresponding to the C protein derived peptide
library is shown in Fig. 4. The most remarkable effect was observed
for peptide comprising residues 39–56, which produced leakage
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leakage zone, CL1, which coincides with region C1 shown above.
Peptide corresponding to residues 39–56, i.e., zones C1 and CL1,
matches with C protein highly hydrophobic region commented
previously. Other peptides that elicited some leakage were those
comprising residues 31–47, 47–64, 78–94 and 92–108. The small
leakage values observed for peptides 31–47 and 47–64 might be due
to their overlapping with peptides 39–56. Peptide comprising
residues 78–94 elicited a relative signiﬁcant leakage in liposomes
composed of EPC/ESM/CHOL whereas peptide comprising residues
92–108 elicited signiﬁcant leakage in liposomes composed of EPC/
BMP, the liver extract and the ER-like membranes (Fig. 4). For
liposomes containing the ER58:6 complex mixture and its variations
(Fig. 4H to O) the most remarkable effect was observed for peptide
comprising residues 39–56 similarly to the other membrane composi-
tions tested, which produced leakage values between 90 and 100%,
depending on the speciﬁc composition of the liposomes. Signiﬁcantly,
this peptide inducedmembrane leakage for all lipid compositions so that
neither of the lipids tested have a speciﬁc interaction with the peptide,
the peptide rupturing all types of membrane model systems. Other
peptides that showed leakage were those comprising residues 31–47,
63–80, 78–94, 84–101 and 92–108 (Fig. 4H to O). There were no
signiﬁcant differences between the ER58:6 mixture and thosewith one of
the lipids removed. Fig. 2F presents the average leakage of all liposomes
compositions tested, where it can be observed the signiﬁcant relation-
ship between hydrophobic moments, hydrophobicity, and interfaciality
with membrane leakage (Fig. 2A–C). The conservation of this pattern
across different strains of DENV as well as its signiﬁcant effect on all
liposome compositions indicates that this sequence is an essential
membrane interacting region in this protein [11].
When the peptides corresponding to the E peptide library were
assayed on liposomes containing EPC and either CHOL, SMor BMP some
exerted a signiﬁcant leakage effect (Fig. 5A to E). A quick bird's eye view
of the leakage data presented in the ﬁgures shows the presence of ﬁve
different leakage zones: the ﬁrst one, EL1, would be comprised by two
peptides deﬁned by residues 88–107 and 105–122, the second one, EL2,
by two peptides deﬁned by residues 198–214 and 205–221, the third
one, EL3, by three peptides deﬁned by residues 270–287, 278–295 and
292–309, the fourth one, EL4, by one peptide deﬁned by residues
406–422, whereas the ﬁfth and last group, EL5, would be deﬁned by six
peptides comprising residues 428–444, 435–451, 442–459, 450–466,
457–471, and 462–479. Following the same reasoning commented
above, we have also tested liposomes containing lipid complex
compositions, i.e., lipid liver extract and ER synthetic membranes
(Fig. 5F and G). These two liposome compositions showed the same
leakage zones observed above for the simpler ones, although they were
less deﬁned for the case of the lipid liver extract.Wehave also tested the
ER58:6 lipid complex composition and its variations (Fig. 5I–O).Although
all the zones commented above were deﬁned, there were subtle
differences depending on lipid composition. The four zoneswere clearly
marked for liposomes composedof EPC/CHOL, EPC/ESM/CHOL, ER lipids
as well as the ER58:6 and derived compositions (Fig. 5A–D, G, H–O).
Whereas the ﬁrst, third and fourth zones were discerned to a different
extent on all liposome compositions tested, the second zone was not
clearly deﬁned in membranes composed of EPC/BMP and the liver lipid
extract (Fig. 5E and F). Similarly to the data obtained for the C protein
derived library, Fig. 3F presents the average leakage of all liposomes
compositions tested for the E protein derived library. It can be observed
that there is a relationship between membrane leakage with hydro-
phobicmoments, hydrophobicity, and interfaciality for some but not for
all leakage zones (Figs. 2A–C). Theﬁrst leakage zone, EL1, coincideswith
region E8, where the described fusion peptide of E protein resides. This
zone presents high positive values of hydrophobic moment and
interfaciality and it is a very low charged region (Figs. 5A, 3C and D).
Whereas the second leakage zone, EL2, coincides with region E3, a
conservedproline-richmotif engaged inprotein–protein interaction, thethird leakage zone, EL3, coincides with zone E5, where a previously
described hydrophobic pocket is located (see above). It is worthwhile to
comment that this hydrophobic pocket, represented by zones EL3/E5,
shows itself as a relatively charged zone surroundedby twohydrophobic
patches (compare Fig. 3A andD). Leakage region EL4 coincideswith part
of the stem domain of the E protein, region E7, and speciﬁcally with the
so called EH1 helix [18]. The last leakage region EL5 is comprised by six
peptides deﬁning a long stretch of approximately ﬁfty amino acids, from
residue 428 to residue 479, which coincides with the previously deﬁned
zones E9 through E11 (see above). This leakage region would be
comprised by helix EH2 from the stem aswell as by one of the proposed
TM domains of the protein, TM1. Interestingly, peptides corresponding
to the proposed TM2 domain do not show any signiﬁcant leakage
(Fig. 3A and F). Among all leakage zones, region EL5 is the one which
shows the highest leakage values (Fig. 5). As it was commented above,
the exact function of the stem region of the E protein is not knownwith
certainty but these results would be in accordance with its proposed
interaction with the membrane and possibly with the fusion process
[4–6,22]. Recently it has been described that region EL5 has a high
membrane interacting capacity and derived peptides inhibit DENV
infectivity [50], highlighting that this region should be engaged in fusion.
The fact that the region comprising the proposed TM1 domain also
presents a high leakage activity would suggest that this region could
interact with the membrane before, at or after the fusion process,
possibly in concertedactionwith the stemregionof theprotein andmost
probably with segment EH2, acting likely the pre-transmembrane
segment of other class I and II membrane fusion proteins (see below).
The coincidental results obtained through both the theoretical and
experimental data, would point out that these sequences should be
important regions of this protein and would be engaged in membrane
interaction.
Since both C and E proteins interact with membranes and might
modify and/or modulate its structure, we have used differential
scanning calorimetry (DSC) to examine the effect of each of these two
peptide libraries on the phase transitions of DEPE (Fig. 6). In this way
we can obtain information on the structural organization of the
DEPE/peptide systems and their capacity to modify and/or modulate
the polymorphic behavior of phospholipidmembranes [51]. Aqueous
dispersions of pure DEPE undergo a gel to liquid-crystalline (Lβ→Lα)
phase transition Tm in the lamellar phase at 38.4 °C and in addition a
lamellar liquid-crystalline to hexagonal-HII (Lα→HII) phase transi-
tion at about 63.1 °C [52]. As observed in Fig. 6, both gel to liquid-
crystalline and lamellar liquid-crystalline to hexagonal-HII transi-
tions were present in all samples, no peptide induced any signiﬁcant
change in the enthalpy of the main transition but some transition
temperatures were different to the pure lipid. In the case of the
peptides pertaining to the C protein peptide library, peptides 1 and 2
were the only ones that slightly lowered the Tm from 38.4 °C to
37.8 °C and 37.4 °C, respectively. All the other peptides did not
modify the Tm of DEPE (see Fig. 6A and C). More differences were
observed for the HII transition, since this transition is much more
sensitive than the lamellar one to molecular interaction [52]. Some
peptides shifted the HII transition to lower temperatures, peptides 1–
4, whereas other ones shifted it to higher ones, peptides 6, 7 and 13.
Interestingly, peptides 6 and 7 overlap leakage zone CL1 (see above)
and peptide 13 gave place to two discernible HII transitions which
appeared at 62.7 °C and 64.5 °C (Fig. 6C). In the case of the peptides
pertaining to the E protein peptide library, all peptides except
peptide no. 5, which slightly lowered the Tm to 37.9 °C, did not induce
changes in the Tm temperatures of DEPE (Fig. 6B and D). Similarly to
what was observed for the C derived peptide library, some
differences were observed for the HII transition. There were only
two peptides that shifted the HII transition to lower temperatures,
peptides 13 and 34 (Fig. 6D). Of those peptides which shifted
signiﬁcantly the HII transition to higher temperatures, peptide 15 (to
64.7 °C) overlapped with zone EL1, peptide 34 (to 65.7 °C)
2400 H. Nemésio et al. / Biochimica et Biophysica Acta 1808 (2011) 2390–2402overlapped with zone EL2 and peptides 59–67 (64.6 °C-66.75 °C)
overlapped with zone EL5. The coincidence of these relatively high-
effect peptides with high leakage zones demonstrates their speciﬁc
interaction with the membrane as well as their modulatory effect.
4. Discussion
The virus family Flaviviridae includesDengue virus (DENV) aswell as
other viruses such as Japanese encephalitis, Yellow fever, West Nile and
tick-borne encephalitis viruses. Similarly to other enveloped viruses,
they enter the cell through receptor mediated endocytosis and
rearrange internal cell membranes to form the replication complex, an
essential step for viral replication [4–10]. The mature DENV virus has a
capsid (C) protein core complexed with the RNA, surrounded by a lipid
bilayer in which the viral envelope (E) protein is embedded. Whereas
the C protein, a dimeric basic helical protein, is responsible for RNA
packaging and membrane interaction, the E protein, composed of three
ectodomainswith β-strand structure plus a stem and a transmembrane
domain, is a class II membrane fusion protein [4,7,11–15]. The E protein
of DENV apparently possess two transmembrane spanning sequences,
whereas class I, alphavirus class II and class IIImembrane fusionproteins
possess a single transmembrane spanning sequence [53]. In general,
fusion implies the insertion of speciﬁc regions that disrupt the
membrane, leading to the formation of an initial local lipid connection
(lipid stalk) [54,55]. This lipid stalk is then believed to expand into a
hemifusion diaphragm whose rupture would ﬁnally generate a fusion
pore [54,55]. Membrane fusion does not necessarily occur at the plasma
membrane level; viral entry can also involve endocytosis and vesicular
trafﬁcking, as it happens in the case of DENV. There are still many
questions to be answered regarding the C and E mode of action in
membrane fusion, assembly, replication and/or release during theDENV
viral cycle. Additionally, DENV membrane interaction is an attractive
target for anti-DENV therapy. Therefore, we have carried an exhaustive
analysis of the different regions of DENV C and E proteins which might
interact with phospholipid membranes using a similar approach to that
used before [26] and have identiﬁed different regions on these proteins
with membrane-interacting capabilities.
We are aware that the use of peptide fragmentsmight notmimic the
properties of the intact protein, aswell as it is not obvious that peptide–
membrane interaction is directly related to membrane rupture
[26,29,30]. However, these data give us an indication of the relative
propensity of the different domains to bind to and interact with
membranes in relation to each other, i.e., help us to classify the different
regions and segments of theC andEenvelopeproteins according to their
effect in an ample representation of membrane systems.
When all the leakage values were taken into account for all lipid
compositions assayed using the C protein derived peptide library, one
peptide displayed a signiﬁcantmembrane rupture activity (region CL1),
coincidental with a localized highly positive hydrophobic moment,
hydrophobicity and interfaciality region (region C1), namely the region
encompassing amino acid residues 39 to 56. Remarkably, peptides
pertaining to this zone affected the HII transition temperature of DEPE
but they did not make it to disappear. This highly hydrophobic region is
surrounded by two regions with a highly ionic character, conﬁrming
previous data which proposed the presence of a membrane interacting
domain surrounded by two RNA interacting domains [11,12,46]. The
highly hydrophobic character of this region is remarkable, since it is
completely independent of the phospholipid composition and caused
leakage of all membrane compositions tested, simple and complex. Its
signiﬁcant effect on all liposome compositions emphasizes that the
region of protein C where this sequence resides should be an essential
membrane interacting region [11]. There were subtle leakage differ-
ences for peptides comprising residues 78–94 and 92–108, which
pertain to a highly charged region of the protein; these subtle effects
possibly result from the interaction of these peptides with the charged
phospholipid headgroups. These data would point out to two essentialfunctions of DENV protein C, binding to RNA and interaction with the
membrane, either viral or cellular or both [43]. The high hydrophobicity
and membrane interacting capacity of region CL1/C1, which could be
accompaniedbydifferent conformations of theCprotein,would suggest
that it has an important but unknown function inmorphogenesis and/or
budding.
When the peptides corresponding to the E protein derived peptide
library were assayed on membrane vesicles some exerted a signiﬁcant
leakage effect, giving place to ﬁve leakage different regions, i.e.,
EL1 (peptides 88–107 and 105–122), EL2 (peptides 198–214 and
205–221), EL3 (peptides 270–287, 278–295 and 292–309), EL4
(peptides 406–422) and EL5 (peptides 428–444, 435–451, 442–459,
450–466, 457–471, and 462–479). These regions could partition into
membranes and/or interact with the membrane surface but could also
interact with other proteins [21]. Signiﬁcantly, these zones match
previously described regions of the E protein, highlighting their speciﬁc
roles necessary for the proper biological functioning of the protein and
emphasizing that the actual distribution of hydrophobicity and
interfaciality along the surface of the protein, i.e., structure-related
factors, would affect the biological function of these sequences. The
average leakage of all liposomes compositions tested for the E protein
derived library show that some of them are indeed related with the
hydrophobic moment, hydrophobicity, and interfaciality zones but
others do not. Region EL1 (E8) overlaps with the proposed fusion
peptide of DENV E protein, region EL2 (E3) coincides with a conserved
proline-rich motif engaged in protein–protein interaction, region EL3
(E5) matches with a previously described hydrophobic pocket and
interestingly region EL4 (E7) corresponds with part of the E protein
stemdomain and speciﬁcallywith the EH1 helix. Region EL5 (E9/E11) is
comprised by a long stretch of amino acidswhich coincides in part with
the stemdomain, speciﬁcallywith the EH2 helix, aswell aswith theﬁrst
proposed TMdomain, TM1. This region, EL5, is the onewhich shows the
highest leakage values. Interestingly, some peptides pertaining to
regions EL1, EL2 and EL5 showed some effect on the HII transition
temperature of DEPE (see above). Although the precise function of the
stem region of the E protein is not known with certainty, these data
would suggest that both EH1 and EH2 segmentswould interactwith the
membrane and possibly necessary for the fusion process [4–6,18,22]. It
could be also suggested that its biological role should be similar to the
pre-transmembrane or membrane-proximal external domains of other
class I and class II membrane fusion proteins [25,56–58]. These pre-
transmembrane segments show high leakage values on different
membrane compositions, similarly to what has been found here for
the E protein, and all of themhave essential roles inmembrane fusion. It
should be therefore easy to suggest that the stem region of DENV E
protein should be essential for viral entry, its function should be
comparable to similar pre-transmembrane regions of class I and class II
membrane fusion proteins and therefore a target for its inhibition. This
is in fact what has been found very recently [59]. The high leakage
activity of theproposed TM1domain, in contrastwith the lack of activity
of other TM domains pertaining to other proteins, would suggest that it
would be engaged in a direct membrane interaction; TM2 region of
protein E should be the real counterpart to other TM domains of other
membrane fusionproteins [53]. The analogous resultswe haveobtained
in this work through both the theoretical and experimental data would
corroborate these data. Therefore, not only the fusion domain but also
the stem and TM1 regions of protein E should be essential for DENV
membrane fusion and therefore viral entry. Both TMdomains of protein
E should play an important role in membrane fusion and/or budding
[60] and thereforemolecules interacting with them should therefore be
conceived as DENV entry inhibitors [61].
Understanding the factors that determine the speciﬁcity and
stability of the metastable and stable conformations of membrane-
interacting viral proteins are required to know the mechanism of viral
entry, replication and morphogenesis. The change in conformation
and the possible formation of oligomeric forms in the presence of
2401H. Nemésio et al. / Biochimica et Biophysica Acta 1808 (2011) 2390–2402membranes could indicate the propensity of the proteins to self-
assemble and suggests that these changes might be part of the
structural transition that transform them from the inactive to the
active state; they are probably driven by the interaction of different
segments, such as those described in this work. The inhibition of
membrane interaction by direct action on either C or E or both
proteins is an additional approach to combat against DENV infection
or prevent its spread. An understanding of the structural features of
these processes, directly related to membrane interaction, is essential
because they are attractive drug targets.Acknowledgements
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